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ANNEX 3: LEVEL 2 THERMAL STUDY MASS GRADIENT AND
SURFACE GRADIENT ANALYSIS PROCEDURE AND EXAMPLES

A3-1. Procedure

a. General. ThisAnnex summarizestypical
stepsin alLevel 2 mass gradient and surface gradi-
ent thermal analysis of a mass concrete structure
(MCS) and provides two examples of the pro-
cedure. Example 1 covers asimple one-di-
mensional (1-D) (strip model) finite element (FE)
mass gradient and surface gradient thermal analysis.
Example 2 presents a more complex two-dimen-
sional (2-D) mass gradient and surface gradient
thermal analysis. This procedure and the examples
use FE methodology only because of the widespread
availablility and use of thistechnology. Although
other methods of conducting aLeve 2 thermal anal-
ysis are available, these procedures are most com-
monly used.

b. Input properties and parameters. The
level of datadetail depends on the complexity of a
Levd 2 thermal analysis. Parametric analysis
should be routinely conducted at thislevel, using a
rational number and range of input properties and
parameters to evaluate likely thermal problems.

(1) Step 1: Determine ambient conditions.
Leve 2 analyses may be based upon average
monthly temperatures for aless complex analysis,
or on average expected daily temperatures for each
month for acomplex analysis. Wind velocity data
are generally needed for computing heat transfer
coefficients. Extreme ambient temperature input
conditions, such as cold fronts and sudden cold res-
ervoir temperatures, can and should be considered
when appropriate to identify possible problems.

(2) Step 2: Determine material properties.
Thermal properties required for FE thermal analysis
include thermal conductivity, specific heat, adia-
batic temperature rise of the concrete mixture(s),
and density of the concrete and foundation materi-
als. Coefficient of thermal expansion isrequired for
computing induced strain from temperature differ-
ences. Modulus of elasticity of concrete and foun-
dation materials are required for determination of

foundation restraint factors. Tensile strain capacity
test results are important for cracking evaluation.
When tensile strain capacity data are not available,
the methodology presented in Annex 1 may be used
to estimate probabl e tensile strain capacity perfor-
mance of the concrete. Creep test results are neces-
sary to determine the sustained modulus of elasticity
(or an estimate of Eg is made) if stress-based crack-
ing analysisis used.

(3) Step 3: Determine construction parameters.
Construction parameters must be compiled which
include information about concrete placement tem-
perature, structure geometry, lift height, construc-
tion start dates, concrete placement rates, and
surface treatment such as formwork and insulation
that are possible during construction of the MCS.
To determine concrete placement temperature, a
first approximation is to assume that concrete
placement temperatures directly parallel the mean
daily ambient temperature curve for the project site.
Actua placement temperature data from other
projects can be used for prediction, modified by
ambient temperature data differences between the
different sites. The temperature of the aggregate
stockpiles may change more dowly than doesthe
ambient temperature in the spring and fall. Hence,
placement temperatures during spring months may
lag several degrees below mean daily air tempera-
tures, while placement temperaturesin the fall may
lag several degrees above mean daily air
temperatures.

c. Temperature analysis

(1) Step 4: Prepare temperature model. Vari-
ous temperature analysis methods suitable for Level
2 thermal analysis are discussed in Appendix A.
Either step-by-step integration methods or FE mod-
els may be used for Level 2 temperature analysis or
mass and surface gradients. If step-by-step integra-
tion methods are used, the computation or numerical
model should be programmed into a personal com-
puter spreadsheet. The decision on whether to use
FE 1-D strip models or 2-D section analysisis gen-
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eraly based on complexity of the structure,
complexity of the construction conditions, and on
the stage of project design. Often 1-D strip models
are used first for parametric analysesto identify
concerns for more detailed 2-D analysis.

(2) Compute temperature histories. Once com-
puted, temperature data should be tabulated as
temperature-time histories and temperature distribu-
tionsto obtain good visual representations of
temperature distribution in the structure.

ETL 1110-2-536 has examples of temperature
distribution plots. Appropriate locations can then
be sdlected for temperature distribution histories at
which mass gradient and surface gradient analysis
will be conducted.

() Step5: Mass gradient temperature analysis.
Temperature-time histories, showing the changein
temperature with time at specific locations after
placing, are generally used to calculate temperature
differences for mass gradient cracking analysis.
Temperature differences for mass gradient cracking
analysis are generally computed as the difference
between the peak concrete temperatures and the
final stable temperatures that the cooling concrete
will eventually reach.

(b) Step 6: Surface gradient temperature analy-
sis. The objective of surface gradient temperature
analysisisto determine at desired critical locations
the variation of surface temperatures with depth and
with time. This can be performed effectively with
1-D strip models or with 2-D analysis. Thinner sec-
tions may require temperature distributions entirely
across the structure, while large sections often only
reguire temperature to be evaluated to some depth
where temperature changes are relatively ow. |de-
ally, temperature distribution histories are generated
for asingle lift, tabulated from one surface to the
other (or astableinterior) with each distribution
representing temperatures for a specific time after
placement.

d. Cracking analysis.
(1) Step 7: Mass gradient cracking analysis.

The mass gradient temperature differences are used
with C,, and restraint factors (K, and Ky) to evaluate

mass gradient cracking potential, using

Equation A-4 in Appendix A. Computed mass gra-
dient strains are compared against tensile strain
capacity to evaluate cracking potential. For a
stress-based mass gradient cracking analysis, the
sustained modulus of elasticity corresponding to the
time frame of the analysisis used to convert strains
calculated by Equation A-4 to stresses. The use of
the sustained modulus allows for the relief of
temperature-induced stress due to creep. These
stresses are compared to the tensile strength of the
concrete at the appropriate age to determine where
and when cracking may occur.

(2) Step 8: Surface gradient cracking analysis.
Surface gradient cracking analysisis based on
higher temperature differences in the surface con-
crete compared to the more slowly cooling interior
which creates areas of tension in the surface to some
depth, H. Tensile strain is calculated based on C,;,,
the temperature difference at some depth of interest,
and the degree of restraint based on H.

(&) Temperature differences are calculated
using as a basis the temperature when the concrete
first begins hardening, rather than a peak tempera-
ture as used in mass gradient computations. These
temperature differences, with time and depth, allow
determination of tensile and compression zones near
the concrete surfaces. The point at which tension
and compression zones balance is considered a
stress-strain free boundary (located at H from the
surface) used to compute restraint for surface gradi-
ent analysis. This point is generally calculated by
evaluating temperature differences at depth with
respect to temperature differences at the surface.

(b) Reference or initial temperatures for a sur-
face gradient analysis are defined as the tempera-
turesin the structure at the time when the concrete
begins to harden and materia properties begin to
develop. Generaly, thistimeis established at con-
crete agesof 0.25, 0.5, or 1.0 day. Thisageisde-
pendent upon the rate at which the concrete achieves
final set, the rate of subsequent cement hydration,
and the properties of the mixture. For very lean
concrete mixtures at normal temperature, a baseline
time of 1.0 days may be reasonable. Mixtures that
gain strength more rapidly at early ages may be
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better approximated by an earlier reference time of
0.25 or 0.33 days (6 or 8 hours).

(c) Interna restraint factors, Ky, are computed
using Equation A-5 or A-6 in Appendix A, depend-
ing upon theratio of L/H, where L isthe horizontal
distance between joints or ends of the structure, and
H isthe depth of the tension block. Induced tensile
strains are computed at each analysis time from
Equation A-8 in Appendix A using the coefficient
of thermal expansion, the temperature differences
between the surface and interior concrete, and the
computed internal restraint factors. These strains
are compared with slow load tensile strain capacity
(selected or tested to correspond to the time that
strains are generated) to determine cracking
potential.

(d) Stress-based surface gradient cracking anal-
ysisis often handled in adlightly different way,
particularly in the way creep is accounted for in the
analysis. Commonly, incremental temperature
differences at different depths and times are com-
puted. Theseincremental temperature differences
are converted to incremental stresses, including
creep effects, using the C,,,, E,, and K. Theincre-
mental stresses generated during each time period
are summed to determine the cumulative tensile
stress in the surface concrete at various depths.
These stresses are compared to the tensile strength
of the concrete at the appropriate age to determine
cracking potential.

e. Conclusions and recommendations. These
typically include expected maximum temperatures
for starting placement in different seasons, expected
transverse and longitudinal cracking without tem-
perature or other controls, recommended concrete
placement temperature limitations, anticipated con-
crete precooling measures, need for adjustment in
concrete geometry, properties, joint spacing, and the
sensitivity of the thermal analysisto changesin
parameters. Typical temperature control measures
evaluated might include reduced lift heights, use of
insulated forms, and reduction in mix cement con-
tent. The potential for thermal shock may be
addressed. |n addition, recommendations for fur-
ther or more advanced thermal analysis should be
provided and justified.
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A3-2. Example 1: One-Dimensional Mass
Gradient and Surface Gradient Thermal
Analysis

a. General. Anexample of al-D massgradi-
ent and asurface gradient analysisin aLevel 2 ther-
mal study of an MCSiis presented below. This
example is based on preliminary 1-D analyses per-
formed during feasibility studies on a proposed
large flood control RCC gravity dam on the Ameri-
can River in California. This dam was planned to be
146 m (480 ft) high, 792 m (2,600 ft) long, with a
downstream face slope of 0.7H:1.0V.

(1) The 1-D analysiswas used as a screening
tool only, to provide preliminary evaluation of sev-
eral concerns and to develop information for more
detailed analyses. These studies were conducted to
ascertain the general extent of thermal cracking
(cracking due to mass thermal gradients and surface
thermal gradients), for guidance in selecting an
appropriate joint spacing to accommodate trans-
verse thermal cracking, to evaluate the possibility of
longitudinal cracking in the structure, and for early
planning and cost-estimating purposes. Figure A3-
lillustratesthe 1-D strip models employed in this
analysis and the overall dam proportions.

(2) FE anadysisin this study was used only to
determine temperature history for the various sched-
ule alternatives, using the Fortran program
“THERM.” Stresses were determined by manual
computational methods, based on temperature
change computed by the FE temperature analysis,
the coefficient of thermal expansion, the sustained
modulus of elasticity, and the degree of restraint.

To account for stressrelief due to creep and because
the mass concrete modulus of elasticity isvery low
at early ages, the analysis is segmented into several
time spans, 1to 3 days, 3to 7 days, and 7 to

28 days. Thisallows use of changing material pro-
perties (modulus and creep) to be used for each time
span, aswell as changing h and H dimensions of the
surface gradient tension block with time. Conse-
guently, temperature changes were determined for
each time span.
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Figure A3-1. FE strip models

b. Input properties and parameters. At this
early stage in the planning process, many of the
details of the structure, materials performance, and
placement constraints have not been determined and
can only be approximated. It was decided that it
would be prudent to make a reasonabl e estimate of
those unknown parameters, and limit the study to
evaluating the effects of variations of only afew
items. Inthis study, those items subject to varia-
tions are certain material properties and the placing
schedule.

(1) Step 1: Determine ambient conditions.
Ambient air temperature data were produced from
National Oceanic and Atmospheric Administration
(NOAA) locdl climatological data. From these
data, seven series of daily air temperature curves

(shown in Figure A3-2) were developed, each repre-
senting the daily temperature cycle for one or more
months. No datawere available on how tempera-
tures vary during each day. The curves are an esti-
mate of the daily profile asit varies for each month
throughout the year. No means of incorporating
heat from solar gain was included in thisanalysis.

(2) Step 2: Determine material properties.
Table A3-1 summarizes the applicable thermal and
elastic properties of the materials considered for use
in the structure. Most of the properties for the RCC
and the foundation rock were estimated, or were the
product of laboratory testing. Approximated values
used for the modulus of elasticity, tensile strength,
and creep rate are shown on Figure A3-3. Three
materials were utilized for the analysis of the
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Figure A3-2. Daily ambient temperature cycles

Table A3-1

The RCC Material Properties for Mixtures

Property

Units

Damsite Alluvium

Damsite Amphibolite

Coefficient of thermal expansion (C,,’"

Thermal conductivity (K)

Diffusivity (h?)
Specific heat ©
Cement content®

Flyash content

Adiabatic temperature rise (AT,,)

Density*

Tensile strain cap. (e,) @ 7-90 day

millionths/deg C
(millionths/deg F)

W/m-K (Btu/ft-hr-deg F)

m?/hr (ft%/hr)

kJ/kg-K (Btu/lb-deg F)
kg/m? (Ib/cy)

kg/m? (Ib/cy)

deg C (deg F)

kg/m? (Ib/ft%)

millionths

7.2
(4.00)

2.42 (1.4)
0.038 (0.041)
0.92 (0.22)
107 (180)
53 (90)
15 (27)
2,483 (155)

100

6.9
(3.86)

2.77 (1.6)
0.0039 (0.042)
0.92 (0.22)
107 (180)
53 (90)
15 (27)
2,643 (165)

100

* From test results

foundation and the dam construction. The founda
tion rock was assumed to provide thermal behavior
similar to the amphibolite aggregate. Thefirst

200 lifts of the dam use an RCC mixture with dam-
site alluvium aggregates. The remaining 280 lifts
utilize an RCC mixture with amphibolite (metamor-
phosed sandstone) aggregate from the damsite.
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(3) Step 3: Determine construction parameters.

(@) Construction start dates. To evaluate the
effects of different construction start dates, the
placement of concrete was evaluated during four
timeintervals. Theinitiation of RCC placements
was set at 1 January, 1 April, 1 July, and 1 October



ETL 1110-2-542

30 May 97
Modulus of Elasticity
o
8 8.0 i
£ 60 L
83} —a
Gy
© 490 I —
wv) // ’__..—-"
2 20 BB o
_§ -
S 00
1.0 10.0 100.0 1000.0
Log Time - days
Direct Tensile Strength
§ 400.0 /.l
@w 300.0
G 200.0 - =
5 —",/‘////
&= 100.0 F_,: =
[5]
.é’ 0.0
1.0 10.0 100.0 1000.0
Log Time - days
Creep Function vs. Age
)
E'f 0.20 1]
g o1 ~
g 0l ~<]
= M
o, 005 ﬁ ~~
g 0.00
&)
1.0 10.0 100.0 1000.0
Time - days

Figure A3-3. Estimated elastic and creep properties
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of each year for the mass gradient analysis. For the
surface gradient analysis, a 1 January start date was
assumed.

(b) Concrete placing temperature. The temper-
ature of the concrete aggregates has the greatest
influence on theinitial temperature of the fresh
RCC. Because of the low volume of mix water, and
the minor temperature differential of the water com-
pared to the aggregate, the water temperature has a
much less significant effect on overall temperature.
Figure A3-4 provides the basis for the placing
temperatures used in this study. Since aggregate
production will be done concurrently by with RCC
placement and regional temperatures tend to be
moderate, stockpile temperatures should closely
parallel the average monthly ambient temperatures.
Some heat is added because of screening, crushing,
and transportation activities, as shown in the figure,
based on experience.

(c) Placement Assumptions. The RCC struc-
ture will be composed of two RCC mixtures, as pre-
viously described. The RCC placement will beina
610-mm (24-in.) lift operation. The FE mode is
dimensioned having elements 305 mm (12 in.) in
height. This allows future evaluations of 305-mm
(12-in.) placing schemes, if desired. The RCC
placement was assumed to occur on a schedule of
6 days per week, 20 hours per day, for the duration
of the placement.

c. Temperature analysis.
(1) Step 4: Prepare temperature model (FE).

(@ TheFortran FE program “THERM”, devel-
oped originally by Wilson (Wilson 1968), was used
on a PC for the temperature analysis in this exam-
ple. An Excel spreadsheet was used for develop-
ment of an input file for THERM. Output nodal
temperatures were imported into Excel spreadshests
for further analysis of cracking and graphical out-
put. The FE grid, termed the mesh, provides more
realistic results as it more accurately simulates the
geometry of the structure. Since 1-D models (strip
models) were used for the mass gradient analysis,
heat only flowed vertically in or out of the mode.
Lateral heat flow in the upstream or downstream
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direction was not modeled. It is anticipated that
actual heat dissipation in the dam over the long term
will be at amore rapid rate than the modd predicts.
Since RCC congtruction is the continuous
placement of relatively thin lifts, it is best modeled
with elements of a height equivalent to the lift
height or less. Unfortunately, since the American
River Dam is avery massive structure, a mesh that
provides ample detail would be monumental. A
mesh of this magnitude is not necessary for the
extent of evaluationsto be done at this stage. Con-
sequently, it was determined that a reasonable deter-
mination of internal temperatures could be done
using strip models. A strip model is simply averti-
cal or horizontal “strip” of elements, usually only
one element wide. Heat flows through the ends of
the strip, but no heat flows from the sides. The
model islocated where necessary to simulate the
thermal activity at that location. While the effects
of many factors cannot be easily modeled using this
method, generalized behavior can be determined.

(b) The primary mesh for mass gradient analy-
sis, shown in Figure A3-1, is composed of 500 ele-
ments and 1,002 nodes. It simulates a strip through
a cross section of the dam originating 6 m (20 ft) in
the foundation rock. Elements 1 to 20 form the
rock foundation with the bottom row of nodes set at
afixed temperature of 115.5 deg C (60 deg F), the
mean annual air temperature for thearea. An arbi-
trary time of 30 daysis allowed to elapse prior to
concrete placement to allow the rock temperatures
to stabilize.

() The RCC at about dam midheight was eval-
uated for a surface temperature gradient. The sur-
face gradient strip model spans from the exposed
surface along a single lift to a point inside the struc-
ture where temperatures are assumed to not be
influenced by ambient conditions. A small FE
model was generated of approximately 82 nodes
and 40 elements. Temperature histories of these
nodes were then determined. The exterior surface
of the surface gradient strip model was assumed to
be fully exposed, with no insulation, using a heat
transfer coefficient of 28.45 W/m?-K (5.011
Btu/ft>-hr-deg F).
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Month Mean Mean Diff 2/3 Diff Sub Total Crush Stock Mixing Trans Final
Temp Annual Add Temp Add Add Temp
degC degC degC degC degC degC degC dogC | degC degC
(degF) (degF) (degF) (degF) (degF) (degF) (degF) (degF) (degF) (degF) |
Jan 71 155 84 56 9.9 11 1.1 11 0.6 1.7
(44.8) (60.0) (-152) (-10.1) 49.9) @0 (51.9) 20) (-1.0) (53)
Feb 92 155 63 42 13 11 124 11 0 133
48.6) (60.0) 114 76 (524) 20) (54.4) @0 (56)
Mar 105 155 5.1 3.4 122 11 133 11 06 150
. (50.9) (60.0) 0.1) -6.1) (539) @0 (559) @0 1.0) (59)
Apr 132 155 23 -16 140 11 151 11 0.6 16.7
(55.8) (60.0) 42) -28) (572) @0 (59.2) (2.0) 1.0) (62)
May 170 155 14 09 165 11 176 1.1 1.1 20.0
(626) (60.0 2.6) aLn ©L7 (2.0) 37 2.0) 2.0) (68)
Jun 214 15.5 5.8 39 194 11 206 11 1.1 228
(70.5) (60.0) (10.5) (7.0) (670) 2.0 (69.0) 2.0 2.0) (1)
Jul 25.1 155 9.6 64 219 11 231 11 1.7 25.6
(772) (60.0) (172) (11.5) (71.5) 2.0) (BS5) 2.0) 3.0 (78)
Aug 245 155 8.9 59 215 11 . 226 11 17 25.6
(76.1) (60.0) (16.1) aon (70.7) (2.0) %) 2.0 (3.0) (78)
Sep 221 155 65 44 199 11 211 11 1.1 233
(71.8) (60.0) (1138) 79 (679) 20 (699) @0 2.0) (74)
Oct 174 155 19 13 16.8 11 179 11 0.6 194
(634) (60.0) G4o 23) 623) 20 (643) 20) Q.0 ')
Nov 115 15.5 4.1 27 128 11 139 11 0 150
527 (60.0) -13) 49 55.1) 20 511 @0 (59)
Dec 77 155 78 5.2 103 11 14 11 06 122
(45.9) (60.0) (-14.) (:94) (50.6) 2.0) (52.6) (2.0 (-1LO) (54)
80 I ; :
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Figure A3-4. RCC placing temperature
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(2) Compute temperature histories.

() Step5: Mass gradient temperature analysis.
Graphical representations for each of the four cases
analyzed (one for each season) are shown in Figures
A3-5through A3-12. Thefirst graphineach setis
atime-history of nodal temperatures for selected
nodesin the structure. This graph is useful to deter-
mine the time when certain zonesin the structure
reach certain temperatures. The second graph dis-
plays the maximum and minimum temperature
experienced by each node. Note that these maxi-
mums and minimums occur at different times. The
minimum temperatures of adjacent nodes fluctuate
approximately 4 deg C (8 deg F) because of ambi-
ent temperature fluctuations. Thisgraphis useful in
determining the maximum temperature differentials,
aswell as determining the critical zones.
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(b) Step 6: Surface gradient temperature analy-
sis. Graphical representation of the single start date
case analyzed isshownin Figure A3-13, and is
comprised of families of curves representing tem-
perature change with time for different depths from
the exterior surface of the MCS. Figure A3-14
shows these temperatures converted to afamily of
curves of time versus distance from the surface on
the x-axis. This conversion is done to ease the sub-
sequent cracking analysis computations.

d. Cracking analysis. It isassumed for the
purposes of this study that theinitial (baseline)
temperatures of the hardened RCC are those
temperatures when the RCC is 24 hours old. Any
subsequent change in temperature from this base
forms the temperature gradient. For surface gradi-
ent analysis, the shallowest interior nodes where

110

100

N
\

Temperature - degC (degF)

Time (days)

Figure A3-5. Mass gradient temperature histories for 1 January start
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Figure A3-6. Mass gradient peak temperatures for 1 January start

temperatures do not change are assumed to be the
location of the stress and strain-free surface. The
distance from the surface to the location under
consideration is used to calcul ate restraint factors
(Ky) for both surface and mass gradient analysis.

(1) Step 7: Mass gradient cracking analysis.
Severa general statements can be made regarding
thedata. At locationslow in the structure near the
foundation, restraint conditions are the greatest.
Consequently, alowable temperature differentials
are at aminimum there. Progressing up and away
from the foundation, restraint decreases, allowing a
greater temperature differential before the onset of
cracking. The graphs (Figures A3-6, 8, 10, and 12)
in each of the analysis sets represent sections for the
full height of the structure. However, the data can
be applied to dam sections founded at higher eleva
tions (e.g., the abutments) by merely moving the

y-axisto the right to apoint corresponding to the
appropriate foundation elevation. In this manner,
the performance of the entire structure can be evalu-
ated. Ingeneral, no cracking is expected if peak
temperatures, low in the structure, do not exceed
29.4 deg C (85 deg F); because long-term cooling
of the structure to 15.5 deg C (60 deg F) resultsina
13.9-deg C (25-deg F) differential. Where nodal
temperatures approach 37.8 deg C (100 deg F), they
can be expected to remain above 29.4 deg C
(85deg F) for at least 5 years, and final cooling of
the interior to 15.5 deg C (60 deg F) may take 15 to
20 years.

() Placement start on 1 January (Figures A3-5
and 6). Peak temperatures of 29.4t0 37.8deg C
(8510 100 deg F) arerealized in the part of the
structure represented by nodes 200 to 500. This
peak occurs during the month of July, after
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Figure A3-7. Mass gradient temperature histories for 1 October start

approximately 200 days of placement. Initial place-
ments for the large monoliths are performed during
the cool part of the year (winter and early spring),
resulting in crack-free performance. Higher in the
structure, where peak temperatures exceed

29.4 deg C (85 deg F), cracking does not occur
because foundation restraint is reduced. The
placements generating peak temperatures and resul -
tant strains that may initiate cracking are those
placements on the abutments between elevation 90
and 240 for a January start. Thiscan be seenon
Figure A3-6. Nodes 200 to 500 exceed 29.4 deg C
(85 deg F). These nodes are located 27 to 73 m (90
to 240 ft) above the deepest foundation elevation.

(b) Placement start on 1 October (Figures A3-7
and 8). Peak temperatures of 29.4t0 37.8deg C
(8510 100 deg F) arerealized in the part of the
structure represented by nodes 300 to 900. This

peak occurs during the month of July, after approxi-
mately 300 days of placement. Initial placements
for the large monoliths are performed during the
cooler part of the year (fall, winter, and early
spring), and peak temperatures never reach the criti-
cal level of 29.4 deg C (85 deg F). However, higher
in the structure, where temperatures do exceed

29.4 deg C (85 deg F), cracking does not occur
because foundation restraint is reduced. For an
October start, the placements generating peak tem-
peratures and resultant strains that may initiate
cracking are those placements on the abutments at
elevations 43 to 134 m (140 to 440 ft) from the
lowest foundation elevation.

(c) Placement start on 1 July (Figures A3-9 and
10). Peak temperatures of 29.4 to 37.8 deg C (85to
100 deg F) areredlized in the part of the structure
represented by nodes 50 to 200 and 500 to 1000.
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Figure A3-8. Mass gradient peak temperatures for 1 October start

This peak occurs after approximately 100 days of
placement (during the month of July) for the early
placements; and 1 year later for the upper dam
placements. Initial placements for the large mono-
liths are performed during the warmest part of the
year (the summer and early fall months), and peak
temperatures exceed the critical level of 29.4 deg C
(85 deg F). However, higher in the structure, where
temperatures do exceed 29.4 deg C (85 deg F),
cracking does not occur because foundation
restraint is reduced. For a July start, the additional
placements generating peak temperatures and resul -
tant strains that may initiate cracking are those
placements on the abutments at elevations 73 to
146 m (240 to 480 ft) above the lowest foundation
elevation.

(d) Placement start on 1 April (FiguresA3-11
and 12). Peak temperatures of 29.4t0 37.8 deg C

(8510 100 deg F) areredlized in the part of the
structure represented by nodes 100 to 400 and 800
to 1000. This peak occurs during the month of July,
after approximately 100 days of placement for the
early placements; and 1 year later for the upper dam
placements. Initial placements for the large mono-
liths are performed during the moderate part of the
year (the spring), avoiding cracking. Higher inthe
structure, where temperatures exceed 29.4 deg C
(85 deg F), cracking does not occur because founda-
tion restraint isreduced. Additional placements
generating peak temperatures and resultant strains
that may initiate cracking are those placements on
the abutments from an elevation 12 to 49 m (40 to
160 ft) above the lowest foundation elevation and
placements near the top of the dam.

(e) Mass gradient cracking analysis results.
The following table summarizes, for each placing
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Figure A3-9. Mass gradient temperature histories for 1 July start

schedul e evaluated, the nodes and the node loca-
tions where mass gradient thermal cracking is
expected. The “Height Above Foundation” refers
to those abutment foundation locations at € evations
above the lowermost foundation €l evation. For
example, a January-start schedule resultsin proba-
ble cracking of nodes 200 to 400, and foundation
elevations located 27 to 73 m (90 to 240 ft) above
the lowest foundation €l evation.

Uncontrolled RCC placing temperatures will result

in peak temperatures of 37.8 deg C (100 deg F) and
ultimate temperature differentials of 22.2 deg C

(40 deg F). The maximum temperature differential
calculated from tensile strain capacity and the coef-
ficient of thermal expansionsis 13.9deg C

(25 deg F) for the near term, increasing to near

16.7 deg C (30 deg F) for cooling periods of

15 years. Fall and winter placements result in cool

placing temperatures, with peak temperatures for
those placements of lessthan 29.4 deg C

(85 deg F). Spring and summer placements result
in peak temperatures exceeding 29.4 deg C

(85 deg F), making cracking very probable. Crack-
ing is generally induced at the foundation, where
full restraint occurs and progresses up until restraint
conditions lessen to the point where the driving
force behind the crack isreduced. Sincetheforceto
propagate an existing crack is less than the force
necessary to initiate the crack, it seems appropriate
to assume that existing cracks may propagate fur-
ther. The values shown in Table A3-2 do not
include this extra crack height. Longitudinal crack-
ing of the RCC in the large sectionsis not expected
to be a problem when placement is done during the
cool periods of the year. If these placements are
done during the hot periods of the year, longitudinal
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Figure A3-10. Mass gradient peak temperatures for 1 July start

cracking may occur. As construction progresses,
placement of smaller RCC sections (those place-
ments founded on rock at higher elevations) during
hot periodsis unavoidable. Longitudinal cracking
of RCC placed against higher elevation foundation
areas during these periods may occur. The condi-
tionsthat may initiate longitudinal cracking may
also initiate transverse cracking. The occurrence of
transverse cracks can be reduced by installing trans-
versejoints, thereby reducing the restraint.

(2) Step 8: Surface gradient cracking analysis.
Surface gradient analysis was performed for severa
concrete placement start times, including the 1 Jan-
uary start time shown in this example. The effects
of transversejoints at three different spacings were
evauated, including 30 m (100 ft), 61 m (200 ft),
and 91 m (300 ft). The amphibolite aggregate RCC
mixture was used in the evaluation. The procedure
described here allows for consideration of changing

concrete properties with age, such as E and creep, as
wdll as changing h and H dimensions of the surface
gradient tension block with time.

(a) Figure A3-13 presents the temperature data
as atime-history plot for the conditions that should
create the greatest surface gradient. Replotting the
same data, based on nodal locations, yields Fig-
ure A3-14. Notethat each curve represents the tem-
perature cross section of the structure for a specific
time. Each curve extends into the structure until the
temperature becomes constant. Temperature differ-
entials at specific locations are selected from Fig-
ure A3-14 and listed in Figure A3-15 ( for 91-m
(300-ft) joint spacing. Two basic assumptions are
madein thisanaysis. First, temperatures of the
RCC, at an age of 24 hours, are the baseline tem-
peratures against which temperature changeis
determined. Second, the stress-strain free surfaceis
assumed to be the depth at which the temperature
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Figure A3-11. Mass gradient temperature histories for 1 April start

change, measured from the basdline temperature,
approaches 0. Figure A3-15 shows the temperature
deviations (dT) from the baseline temperature, as
well as the depth at which the temperature gradient
approaches 0. The Sum dT temperature differences
areincluded on Figure A3-15 as a starting point for
calculating induced stresses. “Induced dT,” or the
individual increments of temperature gradient
induced with each age period, is calculated from the
“Sum dT’s.” Sustained modulus of elasticity (E)
is determined in Figure A3-15 for each age incre-
ment. To calculate incremental stress generated by
temperature gradients:

Incremental Stress = (Ind dT)(C,,)(E,,)
To determine K, Equation A-5 (Appendix A) is

used, requiring calculation of H, L, and h. Histhe
distance from the exterior surface to the stress and

strain-free surface at each incremental time period
and is determined from the Temperature Differential
Tablein Figure A3-15 (note H for each age incre-
ment isthe same). L isthejoint spacing. h isthe
distance from the surface to the depth of interest
(near surface, 0.6, 1.5, 3,and 6 m (2, 5, 10, and

20 ft) in the figures), and h/H is the proportion of H
from the surface to the depth of interest. h/H
largely determines the amount of restraint at any
location. Kj is calculated from Equation A-5
(Appendix A) for L/H > 2.5. The“Adj Stress’ is
calculated by:

Adj Stress = (Kg)(Incremental Stress)

Cumulative stresses are then summed by superposi-
tion of stressfrom each age interval. Crack devel-
opment is judged by whether the cumulative stress
exceeds the tensile strength.
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Figure A3-12. Mass gradient peak temperatures for 1 April start

From Figure A3-15 and similar computations
for 30-and 61-m (100- and 200-ft) joint spacings,
the computations indicate that surface cracking is
not likely for a 30-m (100-ft) joint spacing. Surface
cracking may increase to a depth of 0.6 m (2 ft) for
joint spacings up to 61 m (200 ft) and upto 1.5m
(5 ft) for joint spacings of 91 m (300 ft). Thefull
extent of surface cracking is controlled by the for-
mation of the initial surface cracks. For example, at
ajoint spacing of 91 m (300 ft), the surface may
crack at the midpoint. The analysis shows that this
crack may propagate to a depth of 1.5 m (5 ft) after
several weeks to months. However, the occurrence
of this crack forms a new joint pattern at a spacing
of 46 m (150 ft). While the depth of cracking may
not be sufficient to change the restraint conditions
(L/H), it may be enough to relieve induced stresses
and stabilize the crack growth to depths of 0.6 m
(2ft). A joint spacing of 61 m (200 ft) may be an

optimum spacing for this project based on the
occurrence of surface cracking. Evaluation of the
combined effects of surface gradient strains with
mass gradient strains was not pursued, since the
surface gradient strain contribution is not consid-
ered to be significant to the overall cracking perfor-
mance of the structure using joint spacings of 30
and 61 m (100 and 200 ft).

e. Conclusions and recommendations. The
maximum temperature differential under full
restraint conditions (K = 1.0) that will not result in
cracking of the RCCis13.9deg C (25 deg F).
Since the final temperature of the RCC will be
15.5 deg C (60 deg F) (the average annual tempera-
ture), a crack-free peak RCC temperature is
29.4deg C (85deg F). Thisalowable differential
of 13.9 deg C (25 deg F) increases as the distance
of the RCC placements from the foundation
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Figure A3-13. Temperature history for selected nodes from surface gradient model

increases. After evaluating several placing sched-
ules, it was apparent that the most beneficial condi-
tions occurred when the RCC placement of the
lower third of the dam commenced in the fall of the
year and was completed during late spring. This
means that, for the larger dam sections, the upper
two-thirds would then be placed during a hotter
time period. The reduction in foundation restraint
at this height in the structure, however, more than
offset the effects of the higher temperatures.

Surface gradients were evaluated for several
transverse joint intervals. Becausethe siteis
located in arelatively temperate area, where cold
temperatures are rare, stresses from surface gradi-
ents were of little consequence for joint spacings up
to 61 m (200 ft). Greater joint spacings increase
the depth of surface cracking.

For contraction joints set at a spacing of
approximately 61 m (200 ft), transverse cracking of
the structure may occur in the lower 6to 12 m (20
to 40 ft) of the structure. Similarly, longitudinal
cracking may occur in the lower 6to 12 m (20 to

40 ft) of the structure for sections of the dam having
an upstream-downstream dimension greater than

61 m (200 ft). Sincethe occurrence of alongitudi-
nal crack could create serious stability concerns,
more rigorous analyses coupling the effects of other
simultaneous loadings are necessary to better evalu-
ate the extent of cracking.

An dternate rock source, a nearby quarried
limestone aggregate, provides an RCC with avery
low coefficient of thermal expansion of
4.5 millionths/deg C (2.5 millionths/deg F). The
net effect of using this aggregate instead of the
damsite amphibolite is to raise the allowable maxi-
mum peak temperature from 29.4 to 37.8 deg C (85
to 100 deg F). It appearsthat if thisaggregateis
used, no further control of aggregate temperatures
may be necessary. Without this aggregate, meas-
ures are necessary to control placing temperatures
so that peak temperatures do not exceed 29.4 deg C
(85deg F). Thisrequiresa15.5-deg C (60-deg F)
placing temperature for certain placements. This
placing temperature could be raised to 23.9 deg C
(75 deg F), if the limestone aggregate was used.
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Figure A3-14. Surface gradient temperature distribution

Completion of RCC placements up to amini-
mum elevation during afall and winter time period
should be required in the construction contract.
Otherwise, if these low elevation placements are
placed during the spring and summer period, the
RCC placing temperature should be specified not to
exceed 26.7 10 29.4 deg C (80to 85deg F). This
will require the use of additional cooling measures.
Stockpile sprinkling, water chilling, and possible
shading may be sufficient to achieve these
temperatures.

The scope of this study was of alimited nature:
to identify the potential extent of thermal cracking
in the structure. Only generalized conclusions are
possible. For astructure of this height, volume, and
seismic loadings, a more rigorous study should be
performed during design of the structure.

Full-section modeling, incorporating foundation
properties, restraint conditions, and early-age mate-
rial properties (time- and temperature-dependent
properties) should be done. The structure should be
analyzed in sections to ascertain the strain devel op-
ment that may lead to longitudinal cracking and in
elevation to ascertain strain development that may
lead to transverse cracking. The results of these
studies should guide the designer as to whether a
three-dimensional (3-D) mode! is necessary. Itis
presumed that a 3-D analysis will indicate better
cracking performance of the structure than atwo-
dimensiona (2-D) model would indicate. This anal-
ysis should quantify the effects of several load
conditions in addition to the thermal loads. It may
be that the combined action of these factors will
initiate cracking.
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Table A3-2

Summary of Locations of Mass Gradient Thermal Cracks

Schedule Peak Temp deg C (deg F) Critical Nodes Height Above Foundation, m (ft)

Jan 37.8 (100) 200-400 27 - 73 (90-240)

Oct 37.8 (100) 300-900 43 - 134 (140-440)

July 37.8 (100) 50-200 and 500-1000 73 - 146 (240-480)

April 37.8 (100) 100-400 and 800-1000 12 - 49 (40-160) and near top of dam

A3-3. Example 2: Two-Dimensional Mass
Gradient and Surface Gradient Thermal
Analysis

a. General. Anexample of each stepinthe
performance of arelatively complex mass gradient
and a surface gradient analysisin aLevel 2 thermal
study of an MCSis presented. Thisexampleis
based on 2-D analyses performed during design
studies for locks and dam facilities on the Monon-
gahelaRiver in Pennsylvania. These studieswere
conducted to maximize lift heights and determine
optimum placement temperatures, to expedite con-
struction and minimize costs. Although numerous
lock monolith configurations exist in the project, the
most massive section was selected for analysis.
Conclusions and recommendations from this analy-
sis could be applied to the other project monoliths.
Figure A3-16 shows a cross section representation
of the geometry of ariver wall monolith with nomi-
nal 3-m (10-ft) lifts used in this example analysis.
Two-dimensional FE analysis was used to deter-
mine temperature histories and temperature distri-
bution during and following construction. FE
analysis was not applied for cracking analysis.
Cracking analysis was performed using a strain-
based criteria similar to procedures described in
ACI 207.2R. Slow-load tensile strain capacity test
results (which include creep effects) were used to
determine the extent of cracking. Analysis was per-
formed on 15 combinations of several parameters,
including three lift heights, two maximum concrete
placement temperatures, three construction start
times, two lift placement rates, and insulated forms
for fall placement.

b. Input properties and parameters.

(1) Step 1: Determine ambient conditions.
These data were gathered from local records.
Ambient temperature data are shown in F-
igure A3-17.

(2) Step 2: Determine material properties.
Table A3-3 contains thermal properties used in the
example thermal analysis. Adiabatic temperature
riseisshown in Figure A3-18. This adiabatic tem-
perature rise is characteristic of the heat generation
of an exterior concrete in a mass concrete structure
and is not characteristic of interior mass concrete.
The foundation material is assumed to be limestone
of moderate strength. Table A3-4 contains mechan-
ical properties used in the example thermal analysis
modulus of elasticity of concrete and foundation
materials are required for determination of founda-
tion restraint factors. Slow-load tensile strain ca-
pacity values were developed using Annex 1 meth-
odology for use in mass and surface gradient crack-
ing analysis as discussed later in this annex.

(3) Step 3: Determine construction parameters.
Figure A3-17 shows the concrete placement temper-
atures used in the example thermal analysis. Maxi-
mum placement temperature during the summer is
15.5 deg C (60 deg F), and minimum placement
temperature during the winter is4.4 deg C
(40 deg F), based on previous specification experi-
ence. Placement temperatures are expected to
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